Volcanic reservoirs are extensive in the Songliao Basin and mainly include intermediate-basic rocks in the northern part, intermediate-acidic rocks in Xujiaweizi in the southern part, and acidic rocks in the Jinglin block. The natural gas in the volcanic reservoirs of the Songliao Basin has a wide range of compositions, with alkanes being dominant in most cases, although carbon dioxide is dominant in some wells. Generally, the gas in the volcanic rocks near deep faults has high contents of carbon dioxide, whereas the natural gas in volcanic rocks far from faults has low carbon dioxide contents. The gas in the volcanic reservoirs is of multiple origins, including abiogenic gas of probable mantle origin (generally found in wells with high carbon dioxide contents) and organic gas mainly derived from organic matter in the basin. The abiogenic alkanes have d
Introduction
Gas exploration in volcanic reservoirs faces three problems -gas origin, reservoir control factors, and targets -due to their special composition, environment, and reservoir conditions. The study of gas origin depends on geochemical analysis of gas isotopes (Dai et al., 2005) . There are two different viewpoints for the gas formation and distribution in the Songliao Basin volcanic reservoirs: an organic origin, in which the gas is controlled by the lower Cretaceous source rocks; and an abiogenic origin, in which the gas is controlled by magma activity and a deep gas source (Dai et al., 2014) . The differences between this paper and previous research lie in the methods. By using the carbon isotopes of carbon dioxide and alkane gas in fluid inclusions from the gas reservoir, the isotopes of He and Ar, and the homogenization temperatures of fluid inclusions, we explain the origin, source, and filling periods of natural gas in the volcanic reservoir in the Songliao Basin.
There are multiple views regarding the causes of the formation of alkane gas in volcanic reservoirs in the Songliao Basin (Dai et al., 2014) . (1) Highly overmatured coal-derived gas. The heavy carbon isotope values of methane and the carbon isotope antitone, or negative carbon isotope series, i.e. d 13 C 1 > d 13 C 2 > d 13 C 3 > d 13 C 4 , in natural gas in the deep layer of the northern Songliao Basin are due to highly overmatured coal measure source rocks (Huang, 1996; Ren et al., 2004; Yang et al., 2002) . The Kela-2 gas field and the Dabei gas field in the Tarim Basin were formed in highly overmatured middle-upper Jurassic coal measures. Although there are isotopic reversals in the two fields, they basically exhibit a positive sequence. Negative carbon isotope series do not appear in the alkane gas formed in highly overmatured coal measures in the Central Europe Basin. For example, in Germany's Northwest Basin, highly overmatured Carboniferous coal measures generated the gas. The d 13 C 1 , d 13 C 2 , and d 13 C 3 values of the gas from well T 1 in the Mickelson gas field are À26.6, À23.7, and À23.1%, respectively, and the d 13 C 1 , d 13 C 2 , and d 13 C 3 values of the gas from well Z 1 are À28.9, À23.0, and À21.0%, respectively (Dai et al., 2014) . (2) Deep organic source gas. The gas with abnormal geochemical characteristics from the deep Songliao Basin is called deep organic source gas and was speculated to be derived from the deeply buried slate and phyllite (Gao and Cai, 1997) . (3) Mix of different types of natural gas and micro-leakage of cap rocks. The gas in the deep part of the Songliao Basin is thought to be organic in origin, but the gas isotopic reversal is caused by fractionation effects due to the mixing of different types of gas and micro-leakage through the cap rock (Huang, 2000) . (4) Mix of coal-derived gas and a small amount of inorganic alkane gas (Feng, 2008; Li et al., 2009 ). (5) Inorganic gas and a small amount of coal-derived gas (Dai et al., 2005; Guo and Wang, 1994; Wang et al., 2006) . The last two hypotheses have the most support. The origin of the alkane gas, i.e. oil derived or coal derived, in the Songliao Basin is discussed in the following study based on the latest data.
This paper analyses the source, origin, and distribution features of the CO 2 -rich gas in volcanic reservoirs in the Songliao Basin; presents the geologic distribution of volcanic reservoirs based on gas geochemistry, isotope geochemistry, and fluid inclusion methods; and proposes further exploration approaches and directions.
Regional geologic setting
The Songliao Basin is located in the northeast of China (Figure 1 ) and represents an intracontinental rift basin. The depression contains four sets of source rocks: Huoshiling, Shahejie, Yingcheng, and Denglouku Formations from the bottom to the top. The Shahejie Formation is the main source rock and is capable of generating coal-derived gas (Dai et al., 2014) . The TOC of this formation is 0.53-14.63%; the organic material is mainly type II 2 and III; the Ro is above 2.0%; and the hydrocarbon potential is 0.52-4.08 mg/g. During the rifting period in the Cretaceous and early Jurassic, deep faults, volcanic conduits, and volcanic rocks developed, which enabled the formation of inorganic mantle-released gas. Thus, the rifting period was favourable for both coal series gas and mantle released gas.
The Songliao Basin comprises strata from the Carboniferous to the Cretaceous Quantou Formation. During the Yanshanian period, the subduction of the Pacific plate beneath the Eurasian plate caused intracontinental rifting in the Songliao area and considerable volcanic activity. The explosive and effusive facies are favourable reservoir rocks for natural gas. The volcanic reservoirs are fairly good in terms of physical properties but feature obvious Figure 1 . Volcanic rock distribution and composite stratigraphic column of the Songliao Basin (Dai et al., 2014) . heterogeneity, with porosity values of 0.5-18.7% and permeability values of 0.0001 Â 10 À3 -1 Â 10 À3 mm 2 (Feng, 2008) . At present, two giant gas fields have been discovered in the northern Xujiaweizi and southern Changling rifts in the Songliao Basin (Figure 1) .
The strata in the basin are divided into deep strata and the middle-shallow strata (Figure 1 ). The deep strata of the Songliao Basin refer to the rocks underlying the Quan-2 member of the Cretaceous Quantou Formation (Figure 1) , and the volcanic gas prospecting targets include Huoshiling, Shahezi, and Yingcheng Formations at depths of 3000-5000 m. The rifting sequence is composed of three sets of volcanic rocks and four sets of clastic rocks (Figure 1) . The Ying-4 member of the Yingcheng Formation in the Cretaceous system is dominated by conglomerate, sand, and mudstone in the lower part; the Ying-3 member is characterized by interbedded intermediate-basic volcanic rocks and acidic volcanic rocks; the Ying-2 member mainly consists of clastic rocks; and the Ying-1 member is a set of acidic volcanic rocks. The Shahezi Formation is a set of coal-bearing clastic rocks. The Huo-2 member contains intermediate-basic volcanic rocks, and the Huo-1 member includes coal-intercalated clastic rocks. The gas-bearing zones are mainly present in the Yingcheng volcanic rocks, followed by the clastic rocks in the Yingcheng, Shahezi, and Denglouku Formations.
Studies show that basic and acidic volcanic rocks coexist in the Daqing blocks of the Songliao Basin. In addition to large amounts of effusive lava, pyroclastic rocks and fallout facies sedimentary volcanic rocks, there are secondary volcanic facies, such as diabase, basaltic trachyte, rhyolite, porphyrite, and intermediate-acidic intrusive rocks. The northern part of the basin mainly consists of intermediate-basic rocks, Xujiaweizi in the south part of the basin is dominated by intermediate-acidic rocks, and the Jinglin block is dominated by acidic rocks.
Photomicrographs of 84 thin sections show there are four volcanic rock facies in the Songliao Basin (Table 1) : (1) subvolcanic facies: mainly diabase, basaltic trachyte, andesite, and rhyolite porphyrites; (2) effusive facies: trachyte, trachydacite, basaltic andesite, andesite, dacite, and rhyolite; (3) explosive facies: mainly pyroclastic breccia, tuff, tuffaceous ignimbrite; and (4) sedimentary volcanic facies: sedimentary breccia and tuff dominated by pyroclastic deposits and tuffaceous conglomerate and sandstone.
Samples and analytical methods
One hundred samples of volcanic rocks and clastic rocks (approximately 75% are volcanic rocks) from the natural gas reservoirs were collected from the Xujiaweizi fault depression and its vicinity in the northern Songliao Basin and from the Changling fault depression and its vicinity in the southern Songliao Basin. The samples are used for analyses of fluid inclusions, alkane gas, carbon isotopes of CO 2 , He-Ar isotopes, homogenization temperatures, salinity, and Grain containing oil inclusion.
The experiments were conducted at the Central Laboratory of Geosciences and Langfang Branch, Research Institute of Petroleum Exploration and Development (RIPED), PetroChina. The experiments were based on Chinese National standard SY/T6010-1994 and were performed using a Zeiss Axioskop multifunction microscope and a liquid nitrogen Linkam TMS94 microscope stage. The samples are first crushed before extracting the gas from inclusions, then 10-20 g of treated sample is placed in a vacuum tank with four 10 mm diameter steel alloy balls. The tank is subjected to vacuum for 30-50 min. The evacuated tank is then fixed in a crushing machine for 15-20 min. The gas composition analysis is performed on an Agilent6890N gas chromatograph with HC flame and thermal conductivity detectors, and the component content is measured and calculated in mole fraction. The gas carbon isotope ratio determination was performed using a Delta Plus XL gas chromatography combustion isotope ratio mass spectrometer (GC-C-IRMS). The chromatographic analyses involved a 30 m Â 0.32 mm PLOT Q column. The temperature is held at 30 C for 5 min, raised to 80 C at a rate of 8 C/min, then raised to 260 C at a rate of 4 C/min. The mass spectrometry conditions include ionization through electron impact with an electron energy of 120 eV and an acceleration voltage of 5 kV. The carbon isotope values are reported in d 13 C relative to the Vienna Pee Dee Belemnite standard. Helium isotopic measurements were made on a VG5400 mass spectrometer at the Lanzhou Institute of Geology, Chinese Academy of Sciences, China (LIG-CAS). The 3 He/ 4 He ratios are reported relative to the atmospheric ratio (Ra) using the helium value of Lanzhou air as the absolute standard (Ra ¼ 1.4 Â 10 À6 ). The reproducibility and accuracy of the 3 He/ 4 He ratios are estimated to be AE3%.
Results and discussion
This section is separated into two parts: results and discussion of the geochemical characteristics and origin of the gas in the volcanic reservoirs of the Songliao Basin.
Results of the experiments and tests
The lithologies and lithofacies of the volcanics, the geochemical parameters of the gas in inclusions, and the gas fields are shown in Tables 1 to 5 .
Geochemical composition of volcanic gas
The gas in the volcanic reservoirs of the Songliao Basin varies widely in composition and is mostly alkane gases (Dai et al., 2014) , but the gas in some wells is dominated by carbon dioxide (Tables 2 and 3 ).
Noble gas composition
The isotopic compositions in the rare gas in inclusions from volcanics and sandstones in the northern Songliao Basin are listed in Table 3 . The 3 He/ 4 He values of inclusion samples from the volcanic and associated clastic rocks in the northern Songliao Basin are in the range of 0.29 Â 10 À6 -5.17 Â 10 À6 (Tao et al., 2012) . The R/Ra values (the ratio between the 3 He/ 4 He composition of a sample and the 3 He/ 4 He composition of the air) are relatively high, and most are greater than 0.5.
The carbon isotope analytical results for inclusions in volcanics and associated sandstones in the northern Songliao Basin are listed in Table 4 . It can be seen that the d
13
C CH4 values vary from -21 to -29% and that the d 13 Cco 2 values vary from -10 to -19% (Table 4 ). Few differences in the carbon isotope compositions of inclusions exist among the different types of rocks (such as volcanics and sandstones).
Physicochemical parameters of fluid inclusions
The targets for He-Ar isotope analysis are inclusions in calcite and quartz veins in volcanic rocks, calcite fill in pores and vugs of volcanic rocks, and calcite cement in volcanic Table 2 . Gas composition and isotopic composition of certain gas wells in the Songliao Basin (Dai et al., 2014) . sediments (Tao et al., 2012) . The homogenization and freezing temperatures for individual inclusions were determined for inclusions in quartz overgrowth material, micro-fissures in clastic quartz grains, and sparry calcite cement in interparticle pores in sandstone (Table 5 and Figure 6 ). Figure 2 ), indicating features of abiogenic alkane gas. The analysis of the carbon isotopic compositions of gas from the deep strata in the Songliao Basin shows that the gas is derived from multiple origins (Figure 3 ). The gas with a high CO 2 content is mainly abiogenic in origin. Generally, the gas in reservoirs near volcanic channels or deep faults has a high content of carbon dioxide and deep mantle source abiogenic characteristics, while gas with a low content of carbon dioxide and an organic origin is generally found in reservoirs far from lava channels or deep faults.
The carbon dioxide content and carbon isotope composition of gas in the Songliao Basin vary greatly (Table 2 and Figure 4) . The study of global CO 2 shows that the d 13 C values of organic CO 2 are less than À9%, the d 13 C values of CO 2 from mantle-derived magma falls between À4 and À8%, and the d 13 C value of CO 2 generated by the decomposition of carbonate rocks mostly ranges from À3.5 to 3.5%, due to the inherited nature of the parent material (Poreda et al., 1992) . The d 13 C value of the CO 2 from both crustal and mantle magma is within À4 to 10%, but the 3 He/ 4 He ratio of CO 2 from crustal magma differs from Figure 2 . Gas composition versus methane isotopes for some gas wells in the Songliao Basin. Figure 3 . Isotope composition and origin distribution of gas in the Songliao Basin. A. Biogas, B. biogas and sub-biogas, C. sub-biogas, D. crude oil-associated gas, E. oil-associated gas, F. oil-associated and coalderived gas, G. gas associated with condensate and coal-derived gas, H. coal-derived gas, I. abiogenic gas, and J. abiogenic gas and coal-derived gas. that of mantle magma. Generally, the CO 2 contents and d 13 C values of a gas reservoir can be used to determine the CO 2 is biogenic or abiogenic. The diagram of carbon dioxide content versus gas carbon isotope values shows that the gas of the Songliao Basin plots in the abiogenic area (Figure 4) .
The carbon isotope compositions of alkane gas and CO 2 show the geochemical characteristic differences between the gas in fluid inclusions and in the present gas reservoir. In Table 3 , the d 13 C CH4 values of inclusions in volcanic rocks range from À17 to À27%, and the d 13 C CO2 values range from À10 to À21% in the northern Songliao Basin. In the southern Songliao Basin, the d 13 C CH4 values are mainly between À22 and À28%, and the d
13
C CO2 values are between À12 and À18%. Additionally, the amount of CO 2 in inclusions in the south is less than that in the north. The gas composition of inclusions differs considerably from that in the present reservoirs (in the present gas reservoirs, the amount of CO 2 in the south is much higher than that in the north, reaching percentages as high as 90%, and the carbon isotope values are higher; see Table 2 ), indicating that the carbon dioxide was more recently injected into the deep gas formations of the Songliao Basin and is mainly of abiogenic origin (d 13 C CO2 > À10%, CO 2 > 60%). The CO 2 content of the present gas reservoirs is 15-98.9%, with many contents greater than 60%, and the CO 2 carbon isotope values are high, between À4 and À8% ( Table 2 ), suggesting that the CO 2 in the present gas reservoirs differs from that in inclusions (Table 4) . The reservoir CO 2 is abiogenic in origin, while the inclusion of CO 2 is organic in origin. The CH 4 content of the present gas reservoirs is 0.41-77.85%, and the carbon isotope values range from À16.8 to À51.1%, suggesting that the CH 4 in the present reservoirs is of mixed organic and abiogenic origin but is associated with mantle-released He to varying degrees.
Based on these observations, the gas in the volcanic reservoir in the Songliao Basin displays the following characteristics: first, the gas in many wells has characteristics of d 13 C CH4 > À30% and d
C 4 ; second, the gas in most wells has CO 2 characteristics of d 13 C CO2 > À10% and CO 2 > 60%; third, all R/Ra ratios of inclusions and present gas samples are greater than 0.5; and fourth, the distribution and enrichment of some gas reservoirs are controlled by deep faults and volcanic craters. The He and Ar isotopic data from inclusions (Tao et al., 2012) show that gas channels connect the mantle to the deep strata in the Songliao Basin. Based on the present gas reservoir isotopic values, the origin of the gas features multiple sources dominated by abiogenic processes (Dai, 1992 (Dai, , 2009 Tao et al., 2012; Wakita and Saio, 1993; Zhang et al., 2007; Zhu et al., 2005) .
Source of the natural gas: Mantle or crust. The deep volcanic formations in the Songliao Basin developed during the rifting period of East China, when channels allowed gas generated by deep hydrothermal fluid activity to migrate to the reservoirs and flourishing terrestrial plants provided an organic gas source. The resulting gas in the volcanic reservoirs in the Songliao Basin is therefore derived from multiple sources and origins.
Using noble gas composition, it is possible to determine whether the volcanic gas was sourced from the crust or the mantle. Rare gases, such as He and Ar, have two sources, the crust and the mantle, which have quite different ratios of He ratio of the gas in the Songliao deep strata falls in between 0.286 Â 10 À6 and 7.33 Â 10 À6 (Tao et al., 2012) , with an average of 2.48 Â 10
À6
. Therefore, a He-Ar isotope distribution diagram is used to assess the gas origins by dividing crust or mantle gas types. Among the 37 samples of volcanic rock inclusions from the Songliao Basin, 32 have He ratio of the air) of the inclusions in volcanic rocks and nearby clastic rocks in the Songliao Basin are high, with most being greater than 1.0, further supporting the mantle source characteristics.
The inclusions in the southern part of the Songliao Basin have much higher R/Ra values than those in the northern part and therefore contain more mantle-released He in the natural gas. The R/Ra values of inclusions in the Changling rift volcanics rise gradually from the southeast to the northwest (Tao et al., 2012) , indicating an increase in mantle-released He. Exploration practices have also shown that many high CO 2 content gas wells have been drilled in the northwest of Changling, such as the wells Changshen-3, -4, and -6, which have CO 2 contents of over 90%. It can be seen that high value area of mantle-released He is consistent with the area of high CO 2 -content gas reservoirs.
As discussed above, the area with high R/Ra values is consistent with faults and volcanic craters with high contents of mantle-released He in the Songliao Basin. Thus, the area with high R/Ra values is an abiogenic gas area. It can be seen from the R/Ra distribution map that Well Fangshen-2 and Fangshen-7, which have R/Ra values of >1.5, are located in the vicinity of faults or volcanic craters (Tao et al., 2012) .
The above analysis indicates that the distribution of isotopic compositions of alkane gases in the volcanic reservoirs is complex (Table 2) , with both positive carbon isotope series (d 13 C 1 < d 13 C 2 < d 13 C 3 < d 13 C 4 ) and negative carbon isotope series (
. Therefore, the volcanic gas in the Songliao Basin consists of both organic gas and inorganic gas. Additionally, the carbon isotope compositions vary widely. For example, the d 13 C 2 values are À20.73 to 37.58%, with the majority below À28%. Alkane gases that have positive isotope series or mostly positive isotope series are oil-associated gas when d 13 C 2 < À28% and coal-derived gas when d 13 C 2 > À28.5% (Dai et al., 2008) . Therefore, the organic gases in the volcanic rocks of the Songliao Basin are mainly coalderived gas. The carbon isotope values of CO 2 also vary widely, with d 13 Cco 2 ranges from À1.82 to À21.65%. Usually, the d 13 Cco 2 values are lower than À10%, indicating that the CO 2 is both organic and inorganic in origin. The following analysis shows that the main charge and accumulation periods of the organic gas are different from those of the inorganic gas. All the fluid inclusion results show that the formation of the organic gas reservoirs (approximately during the late Cretaceous) occurred earlier than that of the inorganic gas (mainly in the late Paleogene).
Natural gas charging period and components. The systematic temperature tests of the volcanic rock inclusions show that the fluid inclusions have homogenization temperatures that range from 93 to 190 C and salinities that range from 0.18-17.96% NaCl, indicating that the reservoir rocks and fluid evolution vary distinctly among different wells. Therefore, the gas charging period can be identified by the homogenization temperatures and thermal evolution history. For example, the inclusions in quartz clasts and sparry calcite cement from Well Changshen-1-2 have homogenization temperatures of 120-137 and 137-148 C, respectively, and salinities of 11.7 and 4.65% NaCl, respectively, indicating that the fluids in the inclusions were captured in two different periods. According to the thermal and burial history of this area (Nicole et al., 2008) , the two captured periods are the late Cretaceous (K 2 ) at 75 Ma and Eocene (E 2 ) at 45 Ma, suggesting a two-stage charging history involving an early period of hydrocarbon gas charge and a late period of carbon dioxide charge. The Yingcheng Formation of Well Changshen-103 has brine inclusions associated with gaseous inclusions that have an average capture temperature of 149.5 C and brine inclusions associated with gaseous CO 2 inclusions with an average capture temperature of 168.8 C. Therefore, it is believed that the well area of Changshen-103 also has a two-stage charge history involving a K 2 stage of hydrocarbon charge and E 2 stage of carbon dioxide charge.
The above analyses indicate that the volcanic natural gas in the Songliao Basin is a mixture of organic coal-derived gas and inorganic mantle-released gas. Different types of gas have obviously different accumulation control factors: the formation and distribution of organic (g) Well Xushen-6, the lower Cretaceous strata at 3846.62 m depth, amygdaloidal trachyte with phanerocrystalline quartz crystals (most < 0.2 mm) between spherulite structured rocks, hyalopilitic structure. (h) Well Xushen-6, the lower Cretaceous strata at 3846.62 m depth, grey gaseous hydrocarbon inclusions in strip distribution in amygdaloidal trachyte.
gas is controlled by coal measure source rocks in the hydrocarbon generation sag, while the formation and distribution of inorganic gas is controlled by deep fault, volcanic conduit, and volcanic reservoirs. Consequently, the selection of exploration directions and targets for the volcanic gas varies significantly: the coal measure source rocks in the hydrocarbon generation sag and the peripheral volcanics are favourable for the exploration of organic gas, while the vicinity of volcanic conduits and volcanic reservoirs is favourable for inorganic gas.
Conclusions
The Songliao Basin developed widespread volcanic hydrocarbon reservoirs during its fault depression period. The rocks are mainly intermediate-basic rocks in the northern part, intermediate-acidic rocks in the Xujiaweizi area in the southern part, and acidic rocks in the Jinglin block. The gas in the volcanic reservoirs, which varies widely in composition, is mostly alkane gas, but in some wells, carbon dioxide dominates. Generally, the gas in volcanic reservoirs near deep faults and volcanic rock fracture zones has the mantle-derived characteristic of a high carbon dioxide content, while the gas from shallow source rocks in reservoirs far from deep faults and volcanic fracture zones has a low carbon dioxide content.
The gas in volcanic reservoirs of the Songliao Basin was sourced from multiple origins. The gas with high CO 2 contents is mostly abiogenic gas. The carbon isotope sequence of abiogenic alkanes decreases, i.e. . These values are quite different from the isotopic composition of the gas in the present gas reservoirs. This reflects the complexity of gas charging from different sources during different periods. During the geologic history of the basin and the main accumulation periods, some abiogenic alkane was charged into the reservoirs. The early charged CO 2 is mainly of organic origin, while abiogenic CO 2 was charged during the main accumulation period. In summary, the gas in the volcanic reservoirs in the Songliao Basin is a mixture of abiogenic gas and organic gas.
The abiogenic alkane, CO 2 , He, and high CO 2 content data indicate abiogenic gas is present in the reservoirs of the Songliao Basin. According to the relationship between the distribution and occurrence of volcanic rocks and fault activity, the abiogenic gas reservoirs are located near fault zones, while organic and mixed gas reservoirs are located far from fault zones.
